INTRODUCTION
The term "double beta decay" appeared 75 years ago. In view of this anniversary, I want to recall the main stages of the investigation of double beta (2β) decay and to review the main achievements in chronological order. In the course of time, many details (including important and interesting) are often forgotten, accents change, contributions of individual researchers are revised, etc. For this reason, young scientists beginning investigations of 2β decay do not necessarily know earlier achievements, motivation, and persons responsible for certain achievements. I began to study 2β decay in 1982 and is one of the "senior" (but not oldest!) researchers of 2β decay continuing actively work in this field. Furthermore, I was happy to meet and work with almost all leading specialists in the field of 2β decay. These are the reasons for this review.
The review is organized as follows. Section 2 is devoted to the appearance of the problem of 2β decay, Section 3 presents information on first experiments on the search for this process, the history of achievements in the investigation of 2β decay since 1960 is presented in Sections 4-6 in the chronological order. Each section ends with a brief list of the main achievements during the corresponding period and the list of collaborations and individual scientists significantly contributing to the advance in this field. Section 7 briefly presents the current status and prospects of the investigation of 2β decay in the near future. The tables 4-6 at the end of the review summarizes the main (in my opinion) stages in the history of the investigation of 2β decay. The contribution of Russian and Soviet scientists to the investigation of 2β decay is discussed in the Conclusion.
When writing this review, I tried to be maximally unbiased and give weighed estimates of obtained results (taking into account the opinions of leading experts in the field of 2β decay). Nevertheless, it is not clearly free of author's opinion and author's estimate of the importance of various experiments and contributions of individual scientists.
"BIRTH" OF 2β DECAY
The problem of 2β decay appears immediately after Pauli's hypothesis on the existence of neutrino in 1930 and the development of the theory of β decay in 1933. This theory was developed by Italian physicist Fermi by analogy with quantum electrodynamics, but he introduced a new type of interactions, weak interaction, to describe β decay. This theory provided good description of the β − -and β + decays of nuclei:
(A, Z) → (A, Z − 1) + e + + ν,
where A is the atomic number, Z is the charge number, e − is the electron, e + is the positron, ν is the neutrino, andν is the antineutrino. In 1935, Goeppert-Mayer [1] for the first time pointed to the possibility of the process of two-neutrino double beta (2β(2ν)) decay , i.e., a process of the transformation of the (A, Z) nucleus to the (A, Z + 2) nucleus with the emission of two electrons and two (anti)neutrinos:
This reaction cannot be induced by a Dirac neutrino (i.e., ν =ν), because an antineutrino is emitted in reaction (1), whereas a neutrino is absorbed in reaction (4 
Thus, during five years (1935) (1936) (1937) (1938) (1939) , the main 2β processes were proposed and the first estimates of the lifetimes of nuclei with respect to both 2ν-(∼10 
FIRST EXPERIMENTS (THE 1940S-1950S)
At that time, the main motivation for experiments on the search for 2β decay was the possibility of determining the nature of the neutrino (who is right, Dirac or Majorana?). [14, 16] were sought. Winter [17] also pointed for the first time to the possibility of a large increase in the probability of the neutrinoless two-electron capture (ECEC(0ν)) to an excited level of the daughter nucleus under the resonance conditions (zero transition energy). To search for the 2β processes, the most advanced methods and detectors were used. In particular, The first radiochemical experiment with 238 U was also carried out in 1950 [21] . The aim of that experiment was to seek 238 Pu (T 1/2 = 87.7 yr), which should appear after the 2β decay of 238 U. To this end, plutonium was separated from 14 kg of purified uranium oxide stored for six years and the presence of 238 Pu was detected by counting α particles. As a result, the limit T 1/2 > 6 × 10 18 yr was obtained.
The main achievement of that period (as was understood many years later) was the first detection of 2β(2ν) decay in the geochemical experiment with 130 Te by Inghram and Reynolds.
"MIDDLE AGES" (THE 1960S-1970S)
After the discovery of space parity violation in 1957 and the determination of the V -A nature of weak interaction (this implies the presence of additional chiral selection), the probability of observing 2β(0ν) decay decreased strongly, because it became clear that the probability of such a process can be much smaller than that for the 2β(2ν) transition.
Nevertheless, interest in the 2β processes held in those years. In 1960, the probability of the 2β(0ν) decay was calculated for the first time under the assumption of the existence of the Majorana mass of the neutrino [22] . Another possibility, namely, the admixture of right-handed currents under the additional assumption of the identity of the neutrino and antineutrino was simultaneously considered. At that time, it became clear that the search for 2β(0ν) decay is a good test for the lepton number conservation law.
Experiments at that time were scarce but of a very high level. Mateosian and Goldhaber 11.4 g of 48 Ca enriched to 96.6%). Thus, the "detector ≡ studied substance" scheme was implemented for the first time. In 1967, Fiorini et al. [24] for the first time used a Ge(Li) detector to search for 2β decay and immediately obtained the bound T 1/2 > 3×10 20 yr on the 2β(0ν) decay of 76 Ge, which was the best result at that time for counter experiments. Finally, the bound T 1/2 > 5 × 10 21 yr fantastic for that time was reached [25] . Correspondingly, wonderful prospects of the use of germanium semiconductor detectors to search for 2β decay were demonstrated.
Almost at the same time, the research group led by Wu performed two remarkable experiments at a setup consisting of a streamer chamber in a magnetic field (visualization of tracks and measurement of the energy) plus plastic scintillators (simultaneity of the emission of electrons and the measurement of the energy of electrons). At this setup, very stringent bounds on 2β(0ν) decay for isotopes with high energies of 2β transitions were ob- Kirsten, and O. Manuel.
"RENAISSANCE" (THE 1980S-1990S)
Interest in 2β decay was renewed in the early 1980s in view of several circumstances.
First, Lubimov et al. [31] stated the detection of a neutrino mass of ∼30 eV in the experiment performed at the Institute for Theoretical and Experimental Physics to measure the β spectrum of tritium (but this statement was not confirmed in the subsequent experiments).
Second, the neutrino with a mass of several dozens eVs was considered as a candidate for dark matter in cosmology. Third, grand unified theories where the mass of the neutrino was naturally treated as the Majorana mass were formulated. The appearance of the Majorana mass means the breaking of the symmetry associated with lepton charge conservation. This circumstance again enhanced interest in the search for 2β decay and initiated the activity of theorists and experimenters.
In 1981, the following new type of 2β decay, decay with the emission of Majoron was considered [35] :
The Majoron χ 0 is a massless Goldstone boson appearing under the global breakdown of the B-L symmetry, where B and L are the baryon and lepton quantum numbers, respectively.
If the Majoron exists, it can play a serious role in the history of the early Universe and in the evolution of stars.
In 1982, the Schechter-Valle theorem was formulated [36] according to which the observation of 2β(0ν) decay will imply the existence of the Majorana mass of the neutrino in the framework of gauge theories. This statement became a serious theoretical reasons for experimenters to continue and improve their experiments.
In 1985, the fundamental theoretical work by Doi, Kotani, and Takasugi [37] appeared that remains an encyclopedia of the theory of 2β decay at present. In that work, the energy and angular distributions of electrons were calculated with a good accuracy for the mass mechanism and right-handed currents and the possibility of distinguishing these mechanism in experiments using the features of the corresponding distributions was demonstrated.
The discrepancy between the theoretical predictions and experiment bounds for 2β(0ν) decay was a serious problem for a long time. Theories usually predicted the decay rate one or two orders of magnitude higher than the existing experimental bounds. However, in 1986, Vogel and Zirnbauer [38] showed that the inclusion of the particle-particle interaction in a nucleus allows a fairly accurate calculation of the rate of 2ν decay in the framework of the quasiparticle random phase approximation (QRPA). For this reason, the QRPA models were widely used to calculate nuclear matrix elements for both 2ν-and 0ν decays. of some experiments reached 3%, as, e.g., in [62] ). This problem was not solved at that time. It was even assumed in [66] that this discrepancy was probably caused by the time dependence of the rate of 2β decay (due, e.g., to time variations of the weak interaction constant), because small T 1/2 values were obtained for "young" minerals (ages of ∼10 7 -10 8 yr), whereas large values were obtained for "old" samples (ages of ∼10 9 yr or more). In 1993, the first geochemical experiment with 96 Zr was performed and the half-life for the 96 Zr- 96 Mo transition was obtained [67] . In this case, the daughter substance (molybdenum) is not a gas in contrast to xenon and krypton, which are the daughter elements in experiments with tellurium and selenium, respectively.
The main achievements in that period are the first observation of 2ν decay in a direct (counter) experiment, the achievement of sensitivity to 2β(0ν) decay in 76 Ge higher than 10 25 yr, the measurement of T 1/2 (2ν) for ten isotopes (in direct and geochemical experiments), and the first observation of 2β(2ν) decay to the excited state of the daughter nucleus. The (ii) The absolute scale of the neutrino mass (measurement or bound on the mass of the lightest neutrino).
(iii) Hierarchy type (normal, inverse, or quasidegenerate).
(iv) CP violation in the lepton sector (measurement of the Majorana CP -violating phases).
At the very beginning of that period, the Heidelberg-Moscow Collaboration completed the measurements with 76 Ge. The interpretation of the experimental results was ambiguous.
First, the authors jointly reported the limit T 1/2 > 1. In view of the much larger phase-space volume of the studied nuclei ( 130 Te and 100 Mo), the sensitivity to the effective neutrino mass was comparable with the sensitivity in experiments with 76 Ge. The NEMO-3 experiment simultaneously concerns seven different isotopes and 2β(2ν) decay was detected for all these isotopes. In addition to the precision measurement of T 1/2 (2ν), this experiment includes the detection of all main characteristics of 2ν decay: the total energy spectrum, the energy spectrum of individual electrons and angular distribution.
To the end of 2008, more than 700 000 (!) 2ν events were detected for 100 Mo against the almost zero background. The T 1/2 (2ν) value for 130 Te was reliably measured for the first time and, thereby, the old dispute between geochemists was solved: the small current value of the half-life was confirmed. In the same years, interest in 2β + , ECβ + , and ECEC processes increased and special experiments were performed for the first time to seek the resonance ECEC transition to an excited state of the daughter nucleus (see review [85] At the same time, the sensitivity of experiments on the search for 2β decay with the transition to excited states of the daughter nuclei, as well as 2β + , ECβ + , and ECEC processes, increases continuously. As a result, the transition to thorough and comprehensive investigations of the 2ν processes is outlined, which provide very important information on the nuclear matrix elements, the parameters of various theoretical models, etc. A certain progress is observed in the calculations of the nuclear matrix elements and in the understanding of the nuclear physical aspects of 2β decay, although the accuracy of the calculations of the nuclear matrix elements is still low.
Any 2β(0ν) decay has not been detected and, according to Table 2 , the conservative bound on the effective mass of the Majorana neutrino is 0.7 eV. The current conservative bound on the Majoron-neutrino coupling constant from the experiments on 2β decay is
Experiments of the next generation with the mass of the studied isotopes ∼100-1000 kg will be launched in a few years and will provide a sensitivity of 0.1-0.01 eV to the efficient mass of the Majorana neutrino , i.e., will allow the analysis of the region of the predictions of the scheme with the inverse neutrino-mass hierarchy. Table 7 
CONCLUSIONS
To conclude, it is worth noting that a significant contribution to the study of the 2β decay processes was made by Soviet/Russian physicists. The first Soviet theoretical work was published in 1950 by Sliv, who calculated the probability of 2β decay [116] . In 1954, the first in world (of very high quality!) review of the investigations of 2β decay was written by Zeldovich, Luk'yanov, and Smorodinsky [117] . Note. All bounds are given with 90% C.L. The bounds on the effective mass of the Majorana neutrino m ν were obtained using the calculated nuclear matrix elements from [92] [93] [94] [95] [96] [97] and phase-space volumes from [98] .
A decrease in the nuclear matrix elements for 150 Nd caused by the deformation of the nucleus is taken into account (see [82] ). 
